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ABSTRACT
We present temporal variations of the Si iv line profiles at the flare ribbons in three
solar flares observed by the Interface Region Imaging Spectrograph (IRIS). In the M1.1
flare on 2014 September 6 and the X1.6 flare on 2014 September 10, the Si iv line
profiles evolve from wholly redshifted to red-wing enhanced with the flare development.
However, in the B1.8 flare on 2016 December 2, the Si iv line profiles are wholly red-
shifted throughout the flare evolution. We fit the wholly redshifted line profiles with a
single Gaussian function but the red-asymmetric ones with a double Gaussian function
to deduce the corresponding Doppler velocities. In addition, we find that hard X-ray
emission above 25 keV shows up in the two large flares, implying a nonthermal elec-
tron beam heating. In the microflare, there only appears weak hard X-ray emission up
to 12 keV, indicative of a thermal heating mostly. We interpret the redshifts or red
asymmetries of the Si iv line at the ribbons in the three flares as spectral manifesta-
tions of chromospheric condensation. We propose that whether the line appears to be
wholly redshifted or red-asymmetric depends on the heating mechanisms and also on
the propagation of the condensation.
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1. INTRODUCTION
Solar flares are events of rapid energy release in the solar atmosphere that are observed as sudden
brightenings particularly in chromospheric and transition region (TR) spectral lines. It is suggested
that the flare energy is initially released in the corona, which heats the local plasma and accelerates
charged particles. Then the energy is transported downward through either thermal conduction or
non-thermal particle beams, and is mostly deposited in the chromosphere. The chromosphere is
heated to generate an enhanced radiation that is seen as flare ribbons. During the heating process,
hard X-ray (HXR) emission can be produced by non-thermal electrons impacting the ambient atoms.
In particular, heating of the chromosphere results in an excessive pressure, which can drive the plasma
flowing upward, a phenomenon known as chromospheric evaporation (Neupert 1968; Hirayama 1974;
dmd@nju.edu.cn
2Acton et al. 1982). There have been suggested two types of chromospheric evaporation, gentle and
explosive ones (Fisher et al. 1985; Milligan et al. 2006a,b). For the explosive evaporation, the upward
momentum is large enough that at the same time induces a noticeable downward compression front,
known as chromospheric condensation (Fisher 1987; Canfield et al. 1990). In the gentle evaporation,
however, obvious signatures of condensation have not been observed.
Chromospheric evaporation and condensation are mostly manifested in the Doppler shifts of spec-
tral lines of relatively high temperatures and those of relatively low temperatures, respectively.
Extensive efforts have been devoted to the spectral observations and spectral diagnostics on the
chromospheric evaporation and condensation. Generally speaking, the most prominent spectral fea-
ture of the hot emission lines, such as Ca xix, Fe xix, Fe xxi, Fe xxiii, and Fe xxiv lines, is a
blueshift or blueshifted component with a Doppler velocity of tens to hundreds of km s−1, which cor-
responds to chromospheric evaporation (e.g., Antonucci et al. 1982; Brosius & Phillips 2004; Brosius
2009; Brosius & Holman 2009; Milligan & Dennis 2009; Raftery et al. 2009; Watanabe et al. 2010;
Tripathi et al. 2012; Doschek et al. 2013; Young et al. 2015). For the relatively cool lines formed in
the chromosphere and TR, such as Hα, Ca ii, He i, and O v lines, they usually exhibit a redshift or
red asymmetry with a Doppler velocity of a few tens of km s−1, which is caused by chromospheric
condensation (e.g., de La Beaujardire et al. 1992; Falchi et al. 1992; Neidig et al. 1993; Gan et al.
1993; Wlser et al. 1994; Ding et al. 1995; Ding & Fang 1996; Kuridze et al. 2017). In fact, simul-
taneous appearance of both blueshifts and redshifts in lines of different temperatures, indicative of
an explosive evaporation, has been observed at flare ribbons by different instruments. Based on
the data from the Coronal Diagnostic Spectrometer (CDS; Harrison et al. 1995) on board the Solar
and Heliospheric Observatory, Teriaca et al. (2006) reported strong blueshifts in the Fe xix line
and redshifts in the O v and He i lines. With a higher spatial resolution and cadence as well as
a wider temperature coverage, the Extreme-ultraviolet Imaging Spectrometer (EIS; Culhane et al.
2007) on board Hinode (Kosugi et al. 2007) also detected blueshifts and redshifts simultaneously
in different lines that can be explained in terms of explosive evaporation (Watanabe et al. 2010;
Brosius et al. 2016; Li & Ding 2011; Doschek et al. 2013). In particular, it has been found that some
emission lines formed at relatively high temperatures also show redshifts (e.g., Milligan & Dennis
2009; Chen & Ding 2010; Young et al. 2013).
In addition, the Interface Region Imaging Spectrograph (IRIS; De Pontieu et al. 2014) has provided
plenty of spectral data with a high spatial and temporal resolution since its launch in 2013. It
offers a good opportunity to study chromospheric evaporation and condensation in more details. For
example, chromospheric evaporation has been detected as a whole blueshift in the hot Fe xxi 1354.08
A˚ line (e.g., Polito et al. 2015, 2016; Sadykov et al. 2015; Dudk et al. 2016). On the other hand,
chromospheric condensation has been observed in a few important cool lines. Tian et al. (2014) found
that the cool O iv, Si iv, C ii and Mg ii lines display evident redshifts at the flare loop footpoints.
Brosius & Daw (2015) studied the Si iv 1402.77 A˚ line and reported downward velocities that are
consistent with chromospheric condensation. Graham & Cauzzi (2015) revealed sudden and strong
condensation downflows from the red asymmetry of the Mg ii 2791.59 A˚ line. Moreover, through a
comparison between the blueshifted Fe xxi 1354.08 A˚ line and redshifted C i 1354.29 A˚ line, Li et al.
(2015a) studied explosive evaporation in two X1.6 flares, which is mainly driven by electron beam
3heating. By checking the temporal evolution of the line features, Sadykov et al. (2016) found a delay
of the maximum blueshift of the Fe xxi 1354.08 A˚ line relative to the maximum redshift of the C ii
1334.53 A˚ line.
The two resonance Si iv lines at 1393.75 and 1402.77 A˚ observed routinely by IRIS have been
used in a number of studies on chromospheric condensation (reviewed by Li et al. 2019). Tian et al.
(2014) reported Si iv 1402.77 A˚ redshifts with a velocity of about 50 km s−1 at the loop footpoint
produced by chromospheric condensation. Li et al. (2015b) displayed red-asymmetric Si iv 1402.77
A˚ line profiles at the flare ribbons caused by condensation plasma. Tian et al. (2015) also reported
asymmetric Si iv 1402.77 A˚ line profiles with an enhanced red wing but not entirely redshifted,
which indicate a larger speed (about 100 km s−1) of chromospheric condensation than previously
thought. In addition, Brannon et al. (2015) showed the Si iv line profiles with a red asymmetry or
even two separate peaks within the ribbon of an M-class flare. Warren et al. (2016) found that the
Si iv 1402.77 A˚ line exhibits a stronger redshifted component but a weaker stationary component.
Considering the line profile shape, Lee et al. (2017) used a multiple-component Gaussian function
to fit the Si iv 1402.77 A˚ line and obtained the intensity, Doppler velocity and line width for each
component. Furthermore, Li et al. (2017) studied an X-shaped flare and found that the Si iv 1402.77
A˚ line changes significantly in shape at different locations. They considered that the Si iv line is
either wholly shifted or asymmetric, in relation to different kinds of energy deposition. Zhang et al.
(2016) discussed periodic chromospheric condensation through analyzing the Si iv 1402.77 A˚ line
at different locations in a C3.1 circular ribbon flare. Tian & Chen (2018) discussed repeated chro-
mospheric condensation and energy injection in the form of nonthermal electrons by analyzing the
redshifts of the Si iv 1402.77 A˚, Mg ii 2791.59 A˚, and Mg ii k 2796.35 A˚ lines.
In this paper, we focus on the IRIS Si iv 1402.77 A˚ line and study its temporal variations in three
flares. In particular, we perform different methods to the line profiles with different shapes to obtain
the physical parameters. By comparing the line features with the HXR emission, we find that the
whole redshift and red asymmetry of the Si iv line may correspond to different flare heating modes.
In Section 2, we describe the instruments and data reduction. Then we describe the methods of
moment analysis and Gaussian fitting in Section 3. Section 4 presents the results for the three flares,
and Sections 5 and 6 provide discussions and conclusions, respectively.
2. INSTRUMENTS AND DATA REDUCTION
The data used in this study come from a few instruments that are described in the following. We
select three flares (listed in Table 1) for study that possess the following observational characteristics:
a variety of flare magnitude (both large and small flares), high enough time cadence (say, <10 s), full
spatial coverage (flare ribbons) and temporal coverage (rise phase of the flare), and HXR observations.
IRIS provides high-resolution slit-jaw images (SJIs) as well as spectral data via a slit. The slit has
a width of 0.
′′
33 and a maximum length of 175
′′
. For SJIs, the maximum field of view is 175
′′
× 175
′′
and the pixel size is 0.
′′
166. There are two observation modes to acquire the slit spectra, either raster
scan or sit-and-stare, for the latter of which the time cadence can be as high as 1–2 s. Note that
all the three flares under study are observed with a sit-and-stare mode. The relevant observational
4parameters including the time cadence and the pixel size along the slit are given in Table 1. The
level 2 data ready for scientific use are analyzed here.
IRIS spectral windows include lines formed over a wide temperature range from about 4500 K to
10 MK, thus reflecting physical properties from the lower atmosphere to the corona. We focus on
the TR Si iv 1402.77 A˚ line 1 that has a formation temperature of about 104.9 K. Generally, the Si
iv line can be considered as optically thin; thus we can easily derive the Doppler velocity from the
line profiles. In order to determine the reference wavelength of the Si iv line, we first apply the single
Gaussian fitting to the line profiles in a quiet region before the flare and then make an average of
the line centers. After the reference line center is determined like that, the Doppler shifts calculated
from the lines in the flare region are purely flare-induced. The reference line centers determined
here vary marginally for different events. For example, the reference wavelength is about 1402.7852
A˚ for flare 1 and 1402.7910 A˚ for flare 2. Note that in flare 3 (a microflare), the Si iv line is too
weak outside the flare region; thus we just use the theoretical value of 1402.7700 A˚ as the reference
wavelength. The uncertainty in Doppler velocity is estimated to be ∼5 km s−1.
For HXR observations, flares 1 and 3 were captured by the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002) and flare 2 by Fermi Gamma-ray Burst Monitor
(GBM; Meegan et al. 2009). RHESSI can image and observe the Sun in X-ray and γ-ray bands (3
keV–17 MeV) with an energy resolution of about 1 keV to 5 keV. The spatial resolution can be as
high as 2.
′′
3 and the temporal resolution is about 2 s or better. For flare 1, we reconstruct the 25–50
keV image using detectors 2–8 from 16:55:00 UT to 16:55:32 UT. For flare 3, however, the emission
above 12 keV is very low, and thus we do not reconstruct the image here. Fermi GBM has an energy
band ranging from 8 keV to 40 MeV. It has 12 detectors, whose viewing angles towards the Sun vary
with time during their operation. During the period of flare 2, the viewing angles of detectors n2
Table 1. List of the flares analyzed in the paper
Event Date of GOES Start Peak End Cadence1 Pixel size2 HXR emission3
Number Observation Class Time Time Time (s) (
′′
) (keV)
Flare 1 2014-09-06 M1.1 16:50 17:09 17:22 9.5 0.166 RHESSI 25–50
Flare 2 2014-09-10 X1.6 17:21 17:45 17:45 9.5 0.166 Fermi 51–102
Flare 3 2016-12-02 B1.84 16:14 16:24 16:36 1.7 0.333 RHESSI 6–12
1 This is the time cadence of the IRIS spectra that were obtained with a sit-and-stare mode.
2 The pixel size is for IRIS SJIs. Note that there is a spatial binning for flare 3.
3 It represents the highest energy band from RHESSI or Fermi, at which evident HXR emission was detected.
4 There is no record of the flare in the GOES list. The flare class is determined based on the peak of 1–8 A˚
flux.
1 This line may suffer from a blending with some relatively weak lines (e.g., Doyle & Cook 1992). However, the
effects of the blending on the Si iv line intensity as well as Doppler velocity are trivial and can be safely neglected
based on theoretical calculations.
5and n4 towards the Sun are almost unchanged (about 60◦). Here we choose the data from detector
n2 for analysis. Note that in this work, we only plot the HXR light curve at the highest energy band
that has evident emission for each of the flares (see Table 1).
We also use the data from some other instruments including the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012) on board the Solar Dynamics Observatory (SDO; Pesnall et al. 2012) and
also the Geostationary Operational Environmental Satellites (GOES). AIA is designed to make full-
disk imaging observations from multiple bands, which include seven EUV (94 A˚, 131 A˚, 171 A˚, 193 A˚,
211 A˚, 304 A˚, and 335 A˚), two UV (1600 A˚ and 1700 A˚) and one white-light (4500 A˚) channels. The
data from AIA are of high spatial resolution (∼1.
′′
2) and high cadence (12 or 24 s). GOES has two
soft X-ray bands, 0.5–4 A˚ and 1–8 A˚. The 1–8 A˚ flux is usually used to monitor the response of a flare.
3. METHODS
The Si iv line formed in the TR is usually treated as optically thin, although it may have some
opacity effects especially during flares (e.g., Mathioudakis et al. 1999; Kerr et al. 2019). Considering
that this line does not show any reversal or absorption feature in the line core and that the line
profiles can be well fitted by a Gaussian function (with either a single or double components) in
the three flares generally, we assume this line to be optically thin here. If there are no obvious
dynamics in the atmosphere, this line can be well represented by a single Gaussian shape. However,
this is not always the case in flares, especially when multi-velocity flows exist along the line of sight.
Therefore, we need to perform different methods in different cases when quantitatively deriving the
parameters from the line profiles, which include the moment analysis, a single-Gaussian fitting, and
a multiple-Gaussian fitting.
3.1. Moment Analysis
The zeroth, first, and second moments, denoted by I, λc, and σ, respectively, are defined as follow-
ing:
I =
∫
(f(λ)− f0) dλ, (1)
λc =
[∫
λ(f(λ)− f0) dλ
]
/I, (2)
and
σ2 =
[∫
(λ− λc)
2(f(λ)− f0) dλ
]
/I, (3)
where f(λ) is the observed line intensity at wavelength λ and f0 is the background intensity.
The zeroth moment I corresponds to the integrated intensity over wavelength. The first moment
λc yields the centroid position of the line profile, from which the Doppler shift velocity is calculated
by
v = c(λc − λr)/λr, (4)
6where c is the speed of light and λr is the reference wavelength of the line. The second moment σ
is a measure of the line width reflecting the velocity dispersion of the plasma at the line formation
layer. The moment analysis is robust and can be performed to all kinds of line profiles. However, it
can only yield parameters on average (like the line shift and line width) that should be used with
caution in particular when dealing with very asymmetric line profiles.
3.2. Gaussian Fitting
If the line profile shows a Gaussian shape, it can be fitted by the following function:
f(λ) = Ip exp
[
−
(λ− λc)
2
(∆λD)2
]
+ f0, (5)
where Ip is the peak intensity above the background and λc is the central wavelength of the observed
line profile. The parameter ∆λD refers to the Doppler width of the line profile.
For some asymmetric line profiles, we also employ a double-Gaussian fitting. This assumes that the
profile consists of two Gaussian-shaped components and a constant background (Hong et al. 2016),
so that
f(λ) = I1 exp
[
−
(λ− λ1)
2
(∆λ1)2
]
+ I2 exp
[
−
(λ− λ2)
2
(∆λ2)2
]
+ f0, (6)
where I1 and I2 are the peak intensities, and ∆λ1 and ∆λ2 are the Doppler widths of the two
components, respectively. The parameters λ1 and λ2 refer to the central wavelengths of the two
components, which can be used to calculate the Doppler velocity via Equation (4).
For the three flare events under study, we first make a moment analysis on the observed Si iv line
profiles to get the average parameters, and then adopt a single or double Gaussian fitting to further
extract the line parameters more accurately. Two typical examples of the observed line profiles and
their fitting curves are shown in Figure 1. In the first case (Figure 1(a)), the observed Si iv line profile
presents a good single Gaussian shape. Accordingly, we can see that the Doppler velocities derived
from the moment analysis and the single Gaussian fitting are almost the same. Note that there still
exists a tiny difference between the two velocities, which is supposed to be caused by a deviation
from a purely symmetric line profile. In the second case (Figure 1(b)), the observed line profile
displays an evident enhancement at the red wing. It is obvious that the single Gaussian fitting is not
appropriate for such a line profile with an evident asymmetry. Hence we adopt a double Gaussian
function to fit the line profile, which yields a better and more precise result. It is seen that the first
Gaussian component is relatively stationary, while the second one is redshifted, which contributes
to the red-wing enhancement. The Doppler velocity of the second component is of course larger
than the velocities derived from the moment analysis and single Gaussian fitting. This suggests that
adopting a single Gaussian fitting may underestimate the redshift velocity of the Si iv line profiles
that show a significant red asymmetry. Quantitatively, we perform a double Gaussian fitting to those
line profiles if the velocities derived from a single Gaussian fitting and the moment analysis differ by
larger than ∼3 km s−1. Note that there are very few line profiles that could be better fitted by a
three-Gaussian function. However, considering that the third Gaussian component is quite weak in
intensity, we still perform a double Gaussian fitting to those line profiles.
74. OBSERVATIONS AND RESULTS
4.1. Flare 1: the M1.1 flare on 2014 September 6
4.1.1. Observation Overview
The M1.1 flare on 2014 September 6 occurred in NOAA AR 12157. The flare started at 16:50 UT
and ended at 17:22 UT. There exist two peaks in the GOES SXR light curve (about 16:56 UT and
17:09 UT), which imply two episodes of energy release in this flare (Tian et al. 2015). Here we mainly
focus on the first SXR peak during the time period of 16:45–17:01 UT. This flare was well observed
by IRIS, SDO/AIA, and RHESSI. The IRIS SJIs were taken at 1330 and 1400 A˚ with a cadence of
∼19 s. From ∼16:55 UT, the exposure time of the SJIs changed from 8 s to 2.4 s. Figures 2(a)–(c)
show the AIA 131 A˚ image, the SJI at 1330 A˚, and the spectra of Si iv during the flare, with the
RHESSI HXR sources at 25–50 keV overplotted on the former two panels. Note that the RHESSI
HXR and AIA 131 A˚ images have been rotated counterclockwise by 45◦ to fit the orientation of the
IRIS SJIs. One can clearly see some flare loops in the AIA 131 A˚ image as well as their footpoints
(or flare ribbon) in the SJI at 1330 A˚ that well match the HXR sources. The IRIS slit crossed some
of the flare ribbons where prominent emission shows up in the Si iv spectra. Figure 2(d) shows the
GOES SXR, RHESSI HXR, and SJI 1400 A˚ light curves. For comparison, we also plot the time
derivative of the SXR flux. It is seen that the HXR emission and the SXR time derivative show a
similar temporal evolution with peaks at ∼16:55 UT, implying the validity of the Neupert effect for
this flare. The SJI 1400 A˚ emission also peaks at nearly the same time within the time resolution of
the observations.
4.1.2. Results
Figure 3 shows the space-time diagrams of the total intensity, Doppler velocity, and line width of
Si iv derived from the moment method. Note that for the saturation region (marked by a black
contour), we still provide the results of the moment analysis for reference 2 (similarly for flare 2 as
described in Section 4.2). As seen from Figure 3(a), the Si iv intensity increases gradually with the
occurrence of the flare, and the flare ribbon undergoes an apparent motion toward northwest from
∼16:53 UT. Mostly, the Si iv line shows notable redshifts as revealed from the velocity map. The
redshift velocity can reach about 40 km s−1, which is within the typical velocity range of chromo-
spheric condensation. It is also found that the redshift velocity keeps over tens of km s−1 for some
minutes after the intensity peak time. In addition, the Si iv line width shows a similar trend to the
Doppler velocity, which is also a typical feature for the chromospheric condensation plasma (Li et al.
2015b)
In Figure 4 we plot the temporal evolution of Si iv spectra as well as some example profiles at a
selected ribbon location marked in Figure 3. It is seen that, before the Si iv intensity peak time, the
profiles are symmetric and show a good Gaussian shape; then we apply a single Gaussian function
to fit them (see Figures 4(b) and (c)). However, after the Si iv intensity peak, the profiles appear to
be asymmetric, or the red wing is enhanced compared with the blue wing (Figures 4(d)–(f)); then
we make a double Gaussian fitting for such profiles, which are decomposed into a relatively static
2 In fact, we did some tests by truncating the unsaturated line profiles to mimic the saturated cases. It is found
that applying the moment analysis to the saturated Si iv line profiles at flare ribbons seems to be OK especially for
just tracing the evolving trend of the physical parameters.
8component and a redshifted one. The fitting results show that the redshifted component is stronger
and broader than the static one.
Figure 5 plots the Si iv line parameters deduced from the single or double Gaussian fitting at
the selected ribbon location, together with the GOES SXR and RHESSI HXR light curves for com-
parison. It is clearly seen that, before the Si iv intensity peak time (also around the HXR peak
time), the single Gaussian fitting and the moment method yield almost the same results. During
this period, the Si iv intensity increases with time and the redshift velocity also increases somewhat
from 4 to 13 km s−1. We notice that the line width increases gradually as well. After that, the line
profiles become asymmetric rather than wholly shifted and the Doppler velocity for the redshifted
component is about 20 km s−1. By comparison, the velocity of the relatively static component is
almost zero in this case. The wholly redshifted profile and the subsequent redshifted component are
supposed to be caused by a downflow in the line formation layer, which is known as chromospheric
condensation. Note that if we still apply the single Gaussian fitting to the asymmetric line profiles,
then the downflow velocity would be underestimated, as mentioned in Section 3.
4.2. Flare 2: the X1.6 flare on 2014 September 10
4.2.1. Observation Overview
The X1.6 flare on 2014 September 10 is from a sigmoid region in NOAA AR 12158. The flare
started at 17:21 UT and peaked at 17:45 UT. Here we mainly focus on the time period before the
flare peak, i.e., the rise phase of the flare. The IRIS SJIs were taken at a cadence of ∼19 s at 1400
and 2796 A˚ and the exposure time changed from ∼8 s to 2.4 s after ∼17:27 UT. Since the RHESSI
data are not available for this flare, we use the observation of Fermi GBM instead. Figures 6(a)–(c)
show the AIA 131 A˚ image, the SJI at 1400 A˚, and the slit spectra of Si iv, respectively. We can see
that the IRIS slit crossed the eastern flare ribbon at two locations. Note that this flare is so energetic
that many pixels are saturated. The GOES SXR light curve and its time derivative, as well as the
Fermi GBM 51–102 keV and SJI 1400 A˚ light curves, are shown in Figure 6(d). It is seen that the
Neupert effect seems also valid for this flare. In particular, when the HXR flux keeps growing, the
SJI 1400 A˚ emission rises and then reaches its maximum.
4.2.2. Results
The space-time diagrams of the total intensity, Doppler velocity, and line width of Si iv for flare 2
are shown in Figure 7. The intensity map reveals an apparent motion toward south of two brighten-
ing features that correspond to the two locations at the flare ribbon crossed by the IRIS slit. In the
following study, we focus on the upper (north) ribbon location. It is seen that when the flare begins,
the intensity, velocity, and width of the line increase rapidly at the same time. The region that we
are interested in displays significant redshifts in the Si iv line.
In this flare, an evident line asymmetry appears before the Si iv intensity peak time. Figure 8 plots
some typical Si iv line profiles at a selected ribbon location. It is seen that a red-wing enhancement
appears very soon after the flare begins. In spite of the saturation effect, one can still notice that the
red-wing enhancement increases with time, as revealed from the double Gaussian fitting. After the Si
9iv intensity peak, the strength of the redshifted component decreases but the velocity still increases
for a while. The line profiles gradually become to be wholly redshifted with a small asymmetry
during this period.
Figure 9 shows the temporal evolution of the Si iv line parameters obtained from either the single
or double Gaussian fitting at the selected ribbon location, along with the GOES SXR and Fermi
GBM 51–102 keV light curves. It is seen that the Si iv intensity has a rise-and-fall evolution during
the rise of the SXR emission, while the Doppler velocity and the line width keep increasing with
time. It is worth noting that the velocity of the relatively static component reaches almost 30 km s−1
at a late time (∼17:41 UT). The Doppler velocity of the redshifted component can be up to about
70 km s−1. We also note that the Si iv redshifts appear around the same time as the rising of the
HXR emission.
4.3. Flare 3: the B1.8 flare on 2016 December 2
4.3.1. Observation Overview
The B1.8 microflare on 2016 December 2 started at ∼16:14 UT and peaked at ∼16:24 UT. IRIS
observed this flare from 16:05 UT to 16:22 UT with a very high cadence of 1.7 s. The SJIs were only
taken at 1400 A˚ with a cadence of 2 s. Figures 10(a)–(c) show the AIA 131 A˚ image, the SJI at
1400 A˚, and the slit spectra of Si iv. One can see that the IRIS slit crossed the narrow flare ribbon
where evident redshifts appear in the Si iv spectra. We show the GOES SXR, RHESSI 6–12 keV,
and SJI 1400 A˚ light curves in Figure 10(d). It is seen that the SJI 1400 A˚ emission starts to rise
at about the same time as the RHESSI 6–12 keV emission, both of which reach their maxima before
the GOES SXR peak time. Note that the intensity of the Si iv line in this microflare is much weaker
compared with the former two large flares; therefore, we only choose a part of the flare region with
an intensity above a certain threshold for analysis here.
4.3.2. Results
Figure 11 shows the space-time diagrams of the intensity, velocity, and width of the Si iv line
derived from the moment analysis for the region brighter than the intensity threshold. It is seen
that, although the increase of the intensity is small, there still shows up an apparent motion of the
flare ribbon with time. Note that the redshift of the Si iv line just appears in a very narrow region
of less than 5
′′
along the slit. However, the Doppler velocity can reach up to 60 km s−1. In addition,
the line width changes consistently with the Doppler velocity as in the former two flares.
Compared with the former two large flares, the Si iv line profiles in this microflare are quite simple,
which only display a single Gaussian shape throughout the flare evolution. Figure 12 plots two
example line profiles at the selected ribbon location. It is seen that the profiles are wholly redshifted
during the flare. Thus, the redshift velocity derived from the single Gaussian fitting is almost the
same as that obtained by the moment analysis.
Figure 13 plots the temporal evolutions of the line parameters derived from the moment analysis
and single Gaussian fitting, as well as the GOES SXR and the RHESSI 6–12 keV light curves. One
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can see that the intensity, velocity, and width of the Si ivline rise and decline almost in phase, also
in rough coincidence with the RHESSI 6–12 keV flux.
5. DISCUSSIONS
There have been published a number of studies on flares 1 and 2 from different aspects
(Graham & Cauzzi 2015; Kuridze et al. 2015; Li et al. 2015a; Tian et al. 2015). For example,
Tian et al. (2015) studied the chromospheric evaporation in these two flares by mainly focusing
on the Fe xxi line that is shown to be completely blushifted at the flare ribbons. In particular,
the blueshift velocity of the Fe xxi line shows a good temporal relationship to the HXR 25–50 keV
emission, suggesting a chromospheric evaporation caused by nonthermal electron heating. Tian et al.
(2015) also reported enhanced emission in the red wings of the Si iv line profiles. The Doppler velocity
of the redshifts is found to be larger than the previously reported values and lasts for a relatively long
time in the decay phase. They ascribed the redshifts in the cool lines to chromospheric condensation
and also downward cooling plasma from the corona. In this work, we mainly focus on the rise phase
of the flare. The redshifts detected in the Si iv line at the flare ribbons are supposed to be a signature
of chromospheric condensation. In addition, as pointed out by Li et al. (2017), some of the Si iv line
profiles at the flare ribbons can be well fitted by a Gaussian shape, but others cannot. Thus, we have
distinguished two types of Si iv line profiles here and apply different methods to fit them accordingly.
We also notice that flare 1 has been studied with both observations and radiative hydrodynamic
simulations by Kuridze et al. (2015). The authors found red and blue asymmetries in the Hα line but
only a weak red asymmetry in the Ca ii 8542 A˚ line at the flare kernel. Resorting to the simulations,
they interpreted the blue asymmetry in Hα in terms of downflows owing to plasma condensation.
This is consistent with our explanations although we detect red asymmetry in the Si iv line. Note
that the Hα line is optically thick, which can show different spectral features from optically thin lines.
From the HXR emission and its relationship to the Si iv line profiles, we could explore the heating
mechanisms for the three flares under study. We find that in flares 1 and 2, the HXR emissions
can be visible up to 50 keV or 100 keV, respectively, and they roughly show a relationship to the
appearance of the asymmetry of the Si iv line. In flare 3, however, there is no detectable HXR
emission above 12 keV or no obvious asymmetry in the Si iv line profile. Therefore, we consider that
nonthermal electron beam plays a major role in heating the chromosphere in flares 1 and 2, while
thermal conduction may be the dominant heating way in flare 3. Both of the heating mechanisms
are thought to be reflected in the different behaviors of the Si iv line profiles.
The fact that the shape of the Si iv line profile at the flare ribbon depends on the heating mech-
anisms has been investigated via numerical simulations. Polito et al. (2018) performed nanoflare
simulations with nonthermal electron beam heating and in situ thermal heating. They found that in
the case of thermal heating, the Si iv line more likely tends to be wholly redshifted, just like flare 3
in our study. In addition, Kerr et al. (2019) studied two resonance Si iv lines in flare models with
electron beam heating. They reported that the energy flux, the low-energy cutoff, and the spectral
index of the nonthermal electron beam could all influence the Si iv line profiles. For instance, with a
higher injected energy flux, the Si iv line could more likely show a red asymmetry. Such a case seems
to be consistent with our observations in flares 1 and 2 that have a relatively high magnitude of HXR
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flux. Furthermore, with the condensation propagating downward, there possibly exist two regions, a
condensation front and a relatively stationary region, both of which contribute to the line emission.
This might explain the two components of the line profile with different Doppler velocities. We notice
that in the simulations of chromospheric condensation driven by electron beams, Kowalski & Allred
(2018) revealed two flaring layers in the chromosphere: a chromospheric condensation region with
downflowing, hot, and dense plasma as well as a stationary layer below it. Note that the stationary
layer can also be heated by the high-energy electrons. The two layers can reproduce the red-wing
asymmetry as shown in some chromospheric emission lines during flares. Finally, although the simu-
lations mentioned above could reproduce the Si iv spectral features as shown in our work, there still
exist some discrepancies between the observations and simulations. For example, blueshifts of the Si
iv line have been displayed in simulations, especially in the cases with a lower injected flux. However,
we do not find any blueshifts in the Si iv line at the flare ribbon in our study. In addition, Kerr et al.
(2019) emphasized the opacity effects in their study. However, our analysis of the Si iv line for the
three flares is based on the assumption that the line is formed in an optically thin condition. In the
future, we will study more flare events as well as carry out radiative hydrodynamic simulations to
further investigate the relationship between the Si iv line profiles and the heating mechanisms.
6. CONCLUSIONS
By using the high-resolution spectral observations from IRIS, we have tracked the temporal evo-
lution of the Si iv 1402.77 A˚ line profiles at the flare ribbons in three flare events. In all of the
events, we detect evident redshifts in this line, indicative of downward mass motions in the TR layer.
The line intensity, Doppler velocity, and line width increase and reach their peaks at nearly the
same time. It is interesting that in the two large flares, the Si iv profiles can transit from wholly
redshifted to red-wing enhanced ones in the rise phase of the flare; however, in the third microflare,
the Si iv profiles are wholly redshifted throughout the flare process. We have performed either a
single or double Gaussian fitting to the line profiles. Generally speaking, the single Gaussian fitting
is appropriate for dealing with the wholly shifted line profiles while it would underestimate the
Doppler velocities in the case of red-asymmetric profiles. In the latter case, the double Gaussian
fitting should be adopted, which can reveal two emission components, a relatively static one and a
redshifted one for most cases. Specifically, the redshifted component is thought to originate from the
region with a significant downward velocity. The downflow velocities corresponding to the redshifted
components or the redshifts as a whole are measured to be a few tens of km s−1. These values are
among the typical speed of chromospheric condensation reported in previous studies. Existence of an
observationally prominent chromospheric condensation implies that these flares belong to the events
of explosive evaporation.
In order to explore the physical mechanism behind the Si iv line profiles, we analyze the HXR
emission for the three flares. We find that in the two large flares, the HXR emissions are prominent,
which can be visible up to 50 keV or even 100 keV. In particular, these HXR emissions match in
time with the development of the Si iv redshifts and even the red asymmetries to some extent. In
the microflare, however, the HXR emission is very weak and only visible up to 12 keV, and the Si
iv line appears to be wholly redshifted during the flare. Thus, we consider that nonthermal electron
beam plays a major role in heating the plasma in the two large flares, while thermal conduction may
12
be the dominant heating mechanism in the microflare.
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Figure 1. Two typical line profiles of Si iv 1402.77 A˚. The left panel is for a wholly redshifted profile (black),
overplotted on which is the single Gaussian fitting (red). The right panel is for a red-asymmetric profile
(black), overplotted on which are the single Gaussian fitting (red) and double-Gaussian fitting (green), as
well as the two components (violet) for the latter. The vertical dashed line indicates the reference wavelength.
The Doppler velocities are given in each panel: vm from the moment analysis, vs from the single Gaussian
fitting, and v1 and v2 for the two components of the double-Gaussian fitting, respectively.
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Figure 2. (a) SDO/AIA 131 A˚ image taken at 16:55:47 UT on 2014 September 6 showing the morphology
of flare 1. (b) IRIS/SJI 1330 A˚ image taken at 16:55:31 UT. (c) IRIS slit spectra of the Si iv 1402.77 A˚ line
taken at 16:55:35 UT. Also plotted on panels (a) and (b) are the slit position (vertical white line) and the
contours (olive) of RHESSI 25–50 keV HXR emissions (with contour levels of 8%, 10%, and 13% of the peak
emission). The two green bars enclose the part of the slit that is shown in Figure 3. (d) Light curves of the
SJI 1400 A˚ intensity (black, arbitrary scale) averaged over the flare region (marked by the white square),
GOES 1–8 A˚ flux (purple solid) and its time derivative (purple dash-dotted), and RHESSI 25–50 keV flux
(orange).
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Figure 3. Space-time plots of the line intensity (in logarithmic units of DNs), Doppler velocity (in units of
km s−1), and line width (in units of km s−1) of the Si iv line derived from the moment analysis for flare 1.
The horizontal dashed line denotes the location at which the line profiles are analyzed, and the diamonds
represent the sample times selected. The contour in each panel delineates the region of saturation.
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Figure 4. (a) Temporal evolution of the Si iv 1402.77 A˚ line at a ribbon location (marked by the horizontal
line in Figure 3). The vertical line indicates the reference wavelength. (b)–(f) Line profiles of the Si iv 1402.77
A˚ line at 5 times corresponding to the 5 horizontal lines in (a) and also the 5 diamonds in Figure 3. Also
plotted on (b)–(f) are the results of either single-Gaussian fitting or double-Gaussian fitting with the line
styles the same as in Figure 1. The line profile plotted in brown refers to the reference profile averaged over
a relatively quiet region, multiplied by a factor shown in the lower right corner.
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Figure 5. Time evolutions of (a) the line intensity, (b) Doppler velocity, and (c) line width of the Si
iv 1402.77 A˚ line at a ribbon location (marked in Figure 3) in flare 1. Also plotted are the GOES 1–8 A˚ flux
and its time derivative on panel (a) and the RHESSI HXR emission at 25–50 keV on panel (b). The two
vertical dashed lines show the time period of saturation. The gray lines represent the results from moment
analysis.
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Figure 6. (a) SDO/AIA 131 A˚ image taken at 17:32:20 UT on 2014 September 10 showing the morphology
of flare 2 from a sigmoid region. (b) IRIS/SJI 1400 A˚ image taken at 17:32:17 UT. (c) IRIS slit spectra of
the Si iv 1402.77 A˚ line taken at 17:32:19 UT. In panels (a) and (b), the vertical white line indicates the slit
position and the two green bars enclose the part of the slit that is shown in Figure 7. (d) Light curves of the
SJI 1400 A˚ intensity (black, arbitrary scale) averaged over the flare region (marked by the white square),
GOES 1–8 A˚ flux (purple solid) and its time derivative (purple dash-dotted), and the Fermi GBM 51–102
keV flux (orange).
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Figure 7. Space-time plots of the line intensity (in logarithmic units of DNs), Doppler velocity (in units of
km s−1), and line width (in units of km s−1) of the Si iv line derived from the moment analysis for flare 2.
The horizontal dashed line denotes the location at which the line profiles are analyzed, and the diamonds
represent the sample times selected. The contour in each panel delineates the region of saturation.
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Figure 8. (a) Temporal evolution of the Si iv 1402.77 A˚ line at a ribbon location (marked by the horizontal
line in Figure 7). The vertical line indicates the reference wavelength. (b)–(f) Line profiles of the Si iv 1402.77
A˚ line at 5 times corresponding to the 5 horizontal lines in (a) and also the 5 diamonds in Figure 7. Also
plotted on (b)–(f) are the results of either single-Gaussian fitting or double-Gaussian fitting with the line
styles the same as in Figure 1. The line profile plotted in brown refers to the reference profile averaged over
a relatively quiet region, multiplied by a factor shown in the lower right corner. Note that panel (d) shows
an example of saturation that we neglect when analyzing the line profiles.
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Figure 9. Time evolutions of the (a) line intensity, (b) Doppler velocity, and (c) line width of the Si
iv 1402.77 A˚ line at a ribbon location (marked in Figure 7) in flare 2. Also plotted are the GOES 1–8 A˚ flux
and its time derivative on panel (a), and the Fermi GBM 51–102 keV flux on panel (b). The two vertical
dashed lines show the time period of saturation. The gray lines represent the results from moment analysis.
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Figure 10. (a) SDO/AIA 131 A˚ image taken at 16:17:43 UT on 2016 December 2 showing the morphology
of flare 3. (b) IRIS/SJI 1400 A˚ image taken at 16:17:31 UT. (c) IRIS slit spectra of the Si iv 1402.77 A˚
line taken at 16:17:31 UT. Also plotted on panels (a) and (b) are the slit position (vertical white line). The
two green bars enclose the part of the slit that is shown in Figure 11. (d) Light curves of the SJI 1400 A˚
intensity (black, arbitrary scale) averaged over the flare region (marked by the white square), GOES 1–8 A˚
flux (purple), and RHESSI 6–12 keV flux (orange).
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Figure 11. Space-time plots of the line intensity (in units of DNs), Doppler velocity (in units of km s−1), and
line width (in units of km s−1) of the Si iv line derived from the moment analysis for flare 3. The horizontal
dashed line denotes the location at which the line profiles are analyzed, and the diamonds represent the
sample times selected.
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Figure 12. (a) Temporal evolution of the Si iv 1402.77 A˚ line at a ribbon location (marked by the
horizontal line in Figure 11). (b)–(c) Line profiles of the Si iv 1402.77 A˚ line at 2 times corresponding to
the 2 horizontal lines in (a) and also the 2 diamonds in Figure 11. Also plotted on panels (b) and (c) are
the results of single-Gaussian fitting. The line styles are the same as in Figure 1.
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Figure 13. Time evolutions of the (a) line intensity, (b) Doppler velocity, and (c) line width of the Si
iv 1402.77 A˚ line at a ribbon location (marked in Figure 11) in flare 3. Also plotted are the GOES 1–8 A˚
flux on panel (a) and the RHESSI 6–12 keV flux on panel (b). The gray lines represent the results from
moment analysis.
